Despite its presence in most bacteria, yqgF remains one of only 13 essential genes of unknown function in Escherichia coli. Predictions of YqgF function often derive from sequence similarity to RuvC, the canonical Holliday junction resolvase. To clarify its role, we deleted yqgF from a bacterium where it is not essential, Acinetobacter baylyi ADP1. Loss of yqgF impaired growth and increased the frequency of transformation and allelic replacement (TAR). When E. coli yqgF was inserted in place of its A. baylyi chromosomal orthologue, wild-type growth and TAR were restored. Functional similarities of yqgF in both gamma-proteobacteria were further supported by defective 16S rRNA processing by the A. baylyi mutant, an effect previously shown in E. coli for a temperature-sensitive yqgF allele. However, our data question the validity of deducing YqgF function strictly by comparison to RuvC. A. baylyi studies indicated that YqgF and RuvC can function in opposition to one another. Relative to the wild type, the DyqgF mutant had increased TAR frequency and increased resistance to nalidixic acid, a DNA-damaging agent. In contrast, deletion of ruvC decreased TAR frequency and lowered resistance to nalidixic acid. YqgF, but not RuvC, appears to increase bacterial susceptibility to DNA damage, including UV radiation. Nevertheless, the effects of yqgF on growth and TAR frequency were found to depend on amino acids analogous to catalytically required residues of RuvC. This new heterologous system should facilitate future yqgF investigation by exploiting the viability of A. baylyi yqgF mutants. In addition, bioinformatic analysis showed that a non-essential gene immediately upstream of yqgF in A. baylyi and E. coli (yqgE) is similarly positioned in most gamma-and beta-proteobacteria. A small overlap in the coding sequences of these adjacent genes is typical. This conserved genetic arrangement raises the possibility of a functional partnership between yqgE and yqgF.
INTRODUCTION
Homologues of yqgF, sometimes annotated as ruvX or yrrK, were identified in more than 90 % of bacterial genomes examined (Gerdes et al., 2003; Rocha et al., 2005) . The essentiality of yqgF in Escherichia coli and other pathogens not only heightens interest but also raises experimental challenges (Freiberg et al., 2001; Gerdes et al., 2003; Hidalgo et al., 2004; Juhas et al., 2014; Kidane et al., 2012; Veeranagouda et al., 2014; Zalacain et al., 2003) . Initially, the role of YqgF was inferred from its sequence similarity to RuvC, a canonical Holliday junction resolvase (Aravind et al., 2000; Majorek et al., 2014; Rocha et al., 2005) . Sequence motifs conserved in diverse bacterial RuvC proteins, including three acidic amino acids that coordinate Mg 2+ in the catalytic site, are also present in YqgF (Aravind et al., 2000) . Moreover, YqgF and RuvC structures are similar (Liu et al., 2003) . Based on this resemblance, YqgF was predicted to be an alternative Holliday junction resolvase in E. coli and the primary resolvase in those bacteria without RuvC or another known resolvase (Aravind et al., 2000; Rocha et al., 2005) .
Holliday junctions form by strand exchange between two DNA duplexes during homologous recombination, doublestrand break (DSB) repair and several other processes. These branched structures are separated by endonucleases, termed resolvases, which are critical for DNA integrity (Wyatt & West, 2014) . These resolvases often have diverse sequences despite common structural characteristics (Liu & West, 2004) . While some belong to integrase or nuclease superfamilies, others do not (Lilley & White, 2000) . Therefore, resolvase function is difficult to predict based on sequence analysis.
Alternative enzymes may affect Holliday junction resolution. For example, without ruvC, which is dispensable in E. coli, the RecG helicase may play a key role in maintaining DNA integrity by catalysing the interconversion of Holliday junctions and replication forks (Rudolph et al., 2010) . The structural, functional and evolutionary relationships of Holliday junction resolvases have been extensively studied and comprehensively reviewed (Liu & West, 2004; Wyatt & West, 2014) (Table S1 , available in the online Supplementary Material).
Experimental investigations of YqgF-like proteins are limited to three organisms: E. coli, Helicobacter pylori and Mycobacterium tuberculosis. In the gastric pathogen H. pylori, the yqgF-like gene, dprB, is not essential. DprB acts as a Holliday junction resolvase that has some functional overlap with RuvC (Humbert et al., 2011; Zhang & Blaser, 2012) . In contrast, biochemical analyses indicate that the yqgF homologue in M. tuberculosis, MtRuvX, functions as a resolvase in lieu of RuvC, which does not catalyse Holliday junction resolution in this bacterium (Nautiyal et al., 2016) . Notably, the resolvase activity of MtRuvX requires disulfide bond mediated dimerization involving a cysteine residue that is not conserved in YqgF family members (Nautiyal et al., 2016) .
In E. coli, the phenotypes of a temperature-sensitive allele (yqgF ts ) indicate non-resolvase functions for the encoded protein (Iwamoto et al., 2012; Kurata et al., 2015) . At nonpermissive high temperatures, anti-termination of Rhodependent terminators and 16S rRNA processing are negatively affected by this mutation (Iwamoto et al., 2012; Kurata et al., 2015) . Another yqgF allele, a hypomorph, revealed interactions with genes involved in DNA replication and recombination (Kumar et al., 2016) . Several attempts to detect YqgF E. coli nuclease activity failed (Iwamoto et al., 2012; Izhar et al., 2008; Nautiyal et al., 2016) . However, recent studies show that YqgF E. coli can mediate Holliday junction resolution and endonuclease activity against replication forks, 5¢ and 3¢ flap intermediates, ssRNA and RNA:DNA hybrids (Kumar et al., 2016) . While these experiments support endonuclease activity, they have not dispelled lingering confusion over the cellular role of YqgF.
We initiated yqgF studies in Acinetobacter baylyi, which is naturally competent and exceptionally easy to manipulate genetically (Elliott & Neidle, 2011; Metzgar et al., 2004) . In this soil bacterium, yqgF is dispensable for growth (de Berardinis et al., 2008) . We used mutational approaches to investigate the effects of yqgF on recombination-dependent phenotypes. The chromosomal copy of yqgF in A. baylyi was replaced with its E. coli orthologue to assess functional similarities. In addition, we evaluated A. baylyi 16S rRNA processing in a yqgF-deleted mutant. Furthermore, bioinformatic analyses explored the co-occurrence of yqgF with neighbouring sequences for insights into potential YqgF interaction partners.
METHODS
Strains and growth. Bacterial strains and plasmids are listed in Table 1 . A. baylyi mutants were derived from strain ADP1 (Vaneechoutte et al., 2006) . E. coli DH5a (Invitrogen) served as a plasmid host, and E. coli K12 JM109 (New England Biolabs) was the source of yqgF E. coli DNA. E. coli was cultured at 37 C in lysogeny broth (LB), also called LuriaBertani medium (Sambrook et al., 1989) . A. baylyi strains were cultured at 30 or 37 C in LB or minimal medium with succinate (10 mM) as carbon source (Shanley et al., 1986) . Antibiotics were used as needed at these final concentrations: 20 µg kanamycin (Km) ml
À1
, 40 µg spectinomycin ml À1 , 12.5 µg streptomycin ml
, 5 µg tetracycline ml À1 and 150 µg ampicillin ml
. Counter-selection of genetic markers was conducted on LB with 320 µg IPTG ml À1 (for hok) or 5 % w/v sucrose (for sacB) at 30 C (Harms et al., 2007; Jones & Williams, 2003) .
Molecular biology. Standard methods were used for DNA manipulation (Sambrook et al., 1989) . Sequencing was performed at the Yale DNA analysis facility or Genewiz. A. baylyi strains were transformed with PCR products, linearized plasmid DNA or chromosomal DNA in cell lysates as previously described (Juni, 1972; Metzgar et al., 2004; Table S2 (Horton et al., 1990) . The coding sequence of the target was precisely omitted between start and stop codons, and an XhoI site was introduced in place of the missing sequence. For ruvC, DNA extended upstream of the target gene (genomic coordinate 2 028 635) to downstream of the gene (position 2 030 341) with ruvC sequence deleted from 2 029 231 to 2 029 800. To generate the ruvC-deleted plasmid (pBAC1006), we digested the OEP fragment with SacI and SpeI and ligated it to pUC19 digested with SacI and XbaI. For the comparable yqgF-deleted plasmid (pBAC1007), DNA corresponded to genomic coordinates 346 522-344 937 with the yqgF coding sequence deleted from 345 966 to 345 525.
On pBAC1007, the yqgF deletion removed the stop codon for the upstream and overlapping gene, yqgE. The resulting plasmid-borne yqgE allele encodes a non-native protein with additional amino acids. Since this alteration could affect phenotypes of a corresponding DyqgF mutant, two stop codons were introduced to allow expression of a wildtype YqgE. We used the QuikChange site-directed mutagenesis method (Agilent Technologies), a version of oligonucleotide-directed mutation (Vandeyar et al., 1988) . Mutagenic primers, oALS13 and oALS14, were employed with pBAC1007 as the template to generate pBAC1339 with wild-type yqgE and DyqgF.
Plasmids were also generated with a sacB-Km R cassette inserted into the deleted region of yqgF and ruvC. The cassette, derived by SalI digestion of pRMJ1 (Jones & Williams, 2003) , was ligated to XhoI-cleaved pBAC1006 and pBAC1007 to create pBAC1062 and pBAC1068, respectively. These plasmids were used in a two-step process to construct strains with altered chromosomal ruvC and yqgF alleles. (Seaton et al., 2012) . To replace an A. baylyi chromosomal region with the homologous plasmid portion, we transformed recipient strains with linear DNA (i.e. restriction enzyme-cleaved plasmid fragments). As the first step in constructing unmarked mutants, parent strains were made in which ruvC or yqgF was replaced by the sacB-Km R cassette. Km R transformants were selected after using linear versions of pBAC1062 or pBAC1068 as donor DNA. PCR and targeted DNA sequencing confirmed allelic replacement and ruled out plasmid integration by one crossover event. The genotypes of A. baylyi mutants were all confirmed. In the second step of strain construction, the cassettes of the parent strains were replaced by linear DNA engineered with desired sequences and sufficient stretches of identical DNA to allow homologous recombination. Sucrose in the growth media permitted selection for loss of sacB (Jones & Williams, 2003) .
The parent strain with ruvC replaced by the cassette (ACN1271) was isolated following transformation of wild-type A. baylyi (ADP1) with SacIdigested pBAC1062. The comparable parent strain for yqgF (ACN1276) was similarly obtained after transformation of ADP1 with linearized pBAC1068. Strains ACN1271 and ACN1276 were then used as recipients that were transformed by SacI-digested pBAC1006 or SacI-and SphI-digested pBAC1339. The A. baylyi portion of pBAC1006 replaced the homologous chromosomal region of ACN1271 to generate a DruvC mutant, ACN1275. Similar methods were used to make the DyqgF mutant, ACN1763. ACN1276, with the sacB-Km R cassette in place of yqgF, was also used as a recipient to generate mutants with modified yqgF alleles. PCR products with point mutations in yqgF were used to transform ACN1276, and allelic replacement mutants were selected by the loss of sacB. PCR products with yqgF point mutations were engineered using the megaprimer method (Barik, 1996) or OEP (Table S1 ). Codon usage was considered to avoid rare codons (Nakamura, 2007) . The yqgF alleles and surrounding regions of the mutants were confirmed by DNA sequencing.
ACN1276 also served as the recipient to construct an A. baylyi mutant with its yqgF gene exactly replaced with that of its orthologue from E. coli K12. A PCR product was generated with the coding sequence of yqgF E. coli (start to stop codon) surrounded by DNA normally found upstream and downstream of yqgF in A. baylyi. This PCR product was used to transform ACN1276. The engineered strain was selected (KTE267) and its genomic sequence in this region was confirmed. This study Colony size analysis. Colony sizes on photographs of agar plates were analysed, as previously described (Amor et al., 2015) . Samples were grown in succinate medium for 16-20 h at 37 C or colonies from succinate plates were suspended in PBS (Sambrook et al., 1989) . After serial dilution in PBS, cells were spread onto succinate agar and incubated at 37 C for 24 or 48 h, as previously indicated. Plates with 20-200 colonies were photographed. The average colony area (in pixels 2 ) was analysed using ImageJ software and Colony Counter plug-in (Amor et al., 2015) . Touching colonies were manually removed from analysis. At least 10 colonies were analysed per strain per trial. The results from at least three independent experiments were combined.
Transformation and allelic replacement assay. Natural transformation and chromosomal incorporation of DNA by allelic replacement was evaluated with a selectable drug marker that disrupts a gene that does not affect growth on succinate, catA. A similar method was previously developed to measure gene duplication frequency (Seaton et al., 2012) . Chromosomal donor DNA from filtered cell-free lysates of ACN1025 (catA :: Km R ) was prepared, as previously described (Juni, 1972) . Duplicate samples (100 µl each) of recipient strains, previously cultured in duplicate in LB for 16-20 h at 30 C, were subcultured in three test tubes, each with 900 µl of LB. Subcultures were grown with 1.5 µg of duplicate donor DNA alongside identical controls to which no DNA was added. The no-DNA controls were used to measure spontaneous Km R , which was below the limit of detection in all replicates. Cultures were incubated at 30 C with shaking for 5 h and then serially diluted in PBS and spotted (in 10 µl samples) on succinate plates with and without Km. After incubation of plates at 37 C for 24-48 h, the frequency of transformation and allelic replacement (TAR) was calculated as (c.f.u. ml À1 on succinate with Km)/(c.f.u. ml À1 on succinate). Results from at least three independent experiments were combined. Although similar measures are often termed transformation frequency, we used TAR nomenclature to emphasize (1) that transformations were performed using linear chromosomal donor DNA and (2) that Km R transformants arise by allelic replacement involving double homologous recombination events.
Nalidixic acid MIC. Individual colonies from succinate agar were suspended in PBS with MIC determined as previously described (Wiegand et al., 2008) . Briefly, serial dilutions were spot-plated on Mueller-Hinton (Becton Dickinson) agar containing no drugs or twofold dilutions from 1 to 16 µg nalidixic acid ml
. After 24 h incubation, MIC was determined as the lowest nalidixic acid concentration without any growth. Experiments were repeated at least three times independently.
UV survival. Succinate-grown cultures, prepared in duplicate at 37 C for 16-20 h, were centrifuged in 1 ml samples at 5000 g for 5 min. Pellets, suspended in 1 ml PBS, were kept on ice. Under red light only, to prevent blue-light activated DNA repair, cell suspensions were exposed to 15 000 µJ UV radiation cm À2 (Stratalinker from Stratagene). UV-irradiated strains and non-irradiated controls were serially diluted in PBS, spot-plated on LB agar and incubated at 37 C in the dark for 24-48 h. Percent survival was calculated by comparison to non-irradiated samples. Experiments were repeated three times independently.
RNA analysis. Total RNA was isolated from A. baylyi cultures in exponential growth phase. Strains, cultured overnight in LB at 30 C with shaking, were subcultured 1 : 50 in LB and incubated (30 C with shaking). Samples (1 ml) were harvested by centrifugation at OD 600 of 0.3-0.4. The RNAsnap protocol was used on cell pellets suspended in 100 µl of RNA extraction solution (95 % formamide, 18 mM EDTA, 0.025 % SDS and 1 % b-mercaptoethanol) (Stead et al., 2012) . Following incubation for 7 min at 95 C and centrifugation at 16 000 g for 5 min, we precipitated nucleic acids in the supernatant with sodium acetate/ethanol (Sambrook et al., 1989) . After suspension in nuclease-free H 2 O, 300 ng of total RNA was separated by gel electrophoresis using 1 % Synergel (Diversified Biotech) and 1 % agarose in 0.5ÂTBE.
Statistical analysis. Colony size data were logarithmically transformed (base 10) to improve normality prior to analysis with two-sample t-test or ANOVA, as previously indicated (Zar, 1999) . Transformation frequency data were arcsine transformed to improve normality prior to analysis with ANOVA (Zar, 1999) . UV survival data were logarithmically transformed (base 10) to improve normality prior to analysis with twoway ANOVA. Significant ANOVAs were followed by Tukey's post hoc test. To aid visual inspection, we back-transformed all data for figure construction. All statistical calculations were performed using IBM SPSS Statistics v23.
Bioinformatic analysis. Orthology was evaluated and synteny displayed using online web-based resources: orthologue DB, Absynte and Biocyc (Caspi et al., 2008; Despalins et al., 2011; Whiteside et al., 2013) . E. coli genes were explored using Ecocyc (Keseler et al., 2013) . Amino acid sequence comparisons were performed using EMBOSS Needle (Rice et al., 2000) , and sequence alignments were generated using the UniProt website (UniProt Consortium, 2015) . String software was used to investigate protein-protein interactions (Szklarczyk et al., 2015) .
RESULTS
yqgF deletion causes A. baylyi growth defects Unlike E. coli, where yqgF removal fails to yield a viable mutant, this gene can be deleted from A. baylyi (Baba et al., 2006; de Berardinis et al., 2008) . To investigate the effects of yqgF deletion, we constructed an unmarked DyqgF mutant in A. baylyi (ACIAD0352). DNA corresponding to the region between start and stop codons of the yqgF coding sequence was precisely removed. To compare the effects of yqgF and ruvC deletion, we similarly constructed a DruvC mutant (ACIAD2041).
Cultures of the A. baylyi wild type and mutants were plated on succinate agar to permit colony formation over a 24-48 h period. The effect of ruvC or yqgF deletion on colony size was determined relative to the wild type. Colony size was quantified from photographic images. The DyqgF mutant had significant reduction in colony size at 24 h compared to wild type (approximately twofold, t 253 =13.96, P<0.001; Fig. 1a) . The DruvC mutant colonies were too small for measurement at 24 h. When measurable at 48 h, the DruvC mutant had a fivefold reduction in colony size compared to wild type (t 250 =42.41, P<0.001; Fig. 1b) . Thus, yqgF and ruvC are required for wild-type growth dynamics of A. baylyi. Moreover, the impact of removing each gene on colony size was different.
yqgF affects processes requiring Holliday junction resolution in A. baylyi
We investigated the effects of deleting ruvC and yqgF on Holliday junction resolution. We measured the frequency of transformation coupled with allelic replacement, since this process depends on homologous recombination and the resolution of Holliday junctions. A. baylyi is naturally competent for transformation and readily undergoes chromosomal allelic replacement. We used linear donor DNA carrying a Km R cassette inserted within the catA gene to transform a Km S recipient. Drug-resistant transformants arise only from chromosomal allelic replacement of wildtype catA (Seaton et al., 2012) . A combined measure of transformation and homologous recombination, designated TAR, was calculated as the proportion of the total population in this assay that became Km R .
Results of the assay with the same donor DNA were compared for different A. baylyi recipient strains. Overall, there was a significant difference in TAR frequency (F 2,45 =129.82, P<0.001; Fig. 1c ). As predicted for removing a gene that plays a major role in homologous recombination, the DruvC mutant displayed a large decrease in TAR frequency. In contrast, deletion of yqgF led to a modest but significant increase in TAR frequency (approximately twofold). These data indicate that ruvC promotes the incorporation of exogenous DNA onto the chromosome, as expected, whereas yqgF appears to interfere with this process.
Different effects of ruvC and yqgF on resistance to DNA damage Holliday junction resolution affects resistance to some DNA-damaging agents. For example, nalidixic acid, a quinolone that inhibits topoisomerase, introduces DSBs in DNA that can be repaired by mechanisms requiring Holliday junction resolution. We measured the effects of yqgF and ruvC on the resistance of A. baylyi to nalidixic acid. In the absence of ruvC, the corresponding A. baylyi mutant was more sensitive to lower drug concentrations than the wildtype strain, as evidenced by its reduced MIC (Table 2 ). In contrast, the DyqgF mutant had a higher MIC than wild type, indicating that this mutant is more resistant to nalidixic acid.
We investigated the effects of these genes on another type of DNA-damaging agent, UV radiation. Such radiation introduces DNA damage by stimulating formation of pyrimidine dimers (Sinha & H€ ader, 2002) . The wild-type strain and
DyqgF and DruvC mutants were exposed to UV radiation in the dark, and survival rates were measured. Overall, survival was affected by genotype (F 1,30 =68.42, P<0.001; Fig. 1d ). The DyqgF mutant displayed a significant increase in survival after exposure to 15 000 µJ UV cm À2 compared with the wild type. The DruvC mutant exhibited a level of survival that was intermediate between and not significantly different from either the wild type or the DyqgF mutant. These data indicate that the presence of yqgF interferes with DNA damage repair in response to two different agents of DNA damage, while ruvC promotes resistance to nalidixic acid, but not UV radiation.
Predicted catalytic amino acids in YqgF are required for function
Since yqgF deletion had demonstrable phenotypic effects, we investigated the requirement for specific YqgF amino acids on these effects. Previous alignments of Holliday junction resolvases and homologous proteins demonstrate conservation of three acidic amino acids in RuvC needed for catalysis (E. coli RuvC residues: D7, E66 and D141) (Aravind et al., 2000) . These residues align well with acidic residues in YqgF, but only when structural considerations are used to inform the secondary structure sequence alignments (Aravind et al., 2000) . These residues correspond in A. baylyi YqgF to D14, E101 and D127 (Fig. S1a, b) . We constructed alleles encoding alanine replacements at each of these three positions using site-directed mutagenesis. Mutants were constructed such that their only difference to the wild type was a single chromosomal point mutation encoding a sole amino acid difference in YqgF.
One additional YqgF residue was investigated. This amino acid, YqgF(D100), is adjacent to E101, raising the possibility that either of these acidic residues is structurally/functionally equivalent to E66 of RuvC. A fourth alanine replacement mutant was similarly constructed such that it encodes YqgF(D100A). Alanine replacements were used to minimize gross structural effects on the YqgF protein. Additionally, we investigated whether amino acids with similar features could serve the same role as the residues being studied. For the four targeted positions (residues 14, 100, 101 and 127), the wild-type acidic residue (glutamate or aspartate) was replaced with its counterpart (aspartate or glutamate). In addition, a mutant was constructed such that D100 was replaced with asparagine. This replacement maintains the size and shape of the aspartate, but not the charge, and matches the equivalent residue of a homologue in H. pylori (Fig. S1a) .
The effects of these changes were evaluated with respect to colony size and TAR frequency. Overall, both colony size (F 11,2714 =301.11, P<0.001; Fig. 2a ) and TAR frequency (F 11,180 =15.52, P<0.001; Fig. 2b ) were affected by these mutations. Each of the four alanine replacements led to significantly decreased colony sizes and significantly increased TAR frequencies relative to the wild type, suggesting the loss of YqgF function. Similarly, conservative replacements at positions 14, 101 and 127 also appeared to eliminate YqgF function as evidenced by slower growth and higher levels of transformation than wild type. However, the conservative replacement at the fourth position tested (D100E) resulted in intermediate colony size and wild-type TAR frequency. Moreover, the D100N replacement also resulted in wild-type TAR frequency and colony sizes slightly greater than wild type, indicating that amino acid specificity requirements at this position are more relaxed.
Replacement of the A. baylyi yqgF coding sequence with that of E. coli (yqgF E. coli ) restores wild-type phenotypes
The YqgF sequences of A. baylyi and E. coli are 43 % identical (Fig. S1a, Table S4 ). To determine whether their functions are the same, we precisely substituted the E. coli yqgF coding sequence for its A. baylyi chromosomal orthologue. This genetic context enables yqgF E. coli to be controlled by the native A. baylyi regulatory elements. The mutant with yqgF E. coli in place of yqgF A. baylyi had a colony size slightly larger than wild-type A. baylyi (Fig. 2a) and TAR frequency that was indistinguishable from that of wild-type A. baylyi (Fig. 2b) . This strain also displayed a nalidixic acid MIC of 4 µg ml
À1
, restoring wild-type susceptibility relative to the increased resistance of a DyqgF strain (Table 2) . These results indicate that yqgF E. coli can substitute for A. baylyi yqgF and restore growth, transformation followed by allelic replacement and DNA damage resistance.
Loss of yqgF leads to a defect in 16S rRNA processing
To further investigate similarities between yqgF of E. coli and A. baylyi, we compared 16S rRNA processing between the A. baylyi wild type and the DyqgF mutant. This experiment was motivated by the observation that a temperaturesensitive allele of yqgF in E. coli (yqgF ts ) conferred a 16S rRNA processing defect, a phenotype not associated with ruvC (Kurata et al., 2015) . Therefore, total RNA was isolated and 16S and pre-16S rRNA levels were compared. In the DyqgF mutant, significant accumulation of pre-16S rRNA was evident whereas only mature 16S rRNA was visible in the wild-type RNA (Fig. 3) . As in E. coli, it appears that wild-type yqgF of A. baylyi is required for proper 16S rRNA processing. A. baylyi yqgF increases susceptibility to DNA damage
Genetic context and synteny identify yqgE as a possible functional partner of yqgF
In construction of A. baylyi yqgF mutants, care was taken to preserve the integrity of an upstream neighbouring gene, yqgE. In A. baylyi, these genes are predicted to be co-transcribed and their coding sequences overlap by 8 bp (Fig. 4) . Additional gene order in this neighbourhood is conserved in some Acinetobacter species but not in diverse bacteria. However, in many bacteria, a yqgE homologue resides upstream of a yqgF counterpart with a small overlap in both coding sequences (Fig. 4) . 2.3×10 -3 2.7×10 -3
1.4×10 -3 1.2×10 -3 Fig. 2 . Effects of altered yqgF alleles on colony size and TAR frequency. The wild-type yqgF of A. baylyi was replaced on the chromosome with mutated alleles encoding a single amino acid replacement. Each amino acid replacement in YqgF, indicated above the name of the corresponding strain, was designed to test predicted catalytic residues, as described in the text. The phenotypes of the mutants were compared to those of the wild type (WT, ADP1) and a mutant in which yqgF was replaced with the E. coli yqgF coding sequence (strain KTE267). With the use of computational approaches to investigate protein-protein interactions, YqgF was predicted to interact with YqgE (Szklarczyk et al., 2015) . The high confidence score for this prediction using String software (reported as 0.989) results largely from the conserved co-localization of the genes that is maintained in most members of the gamma-and beta-proteobacteria (Fig. 5) . Both A. baylyi and E. coli are classified as gamma-proteobacteria.
In the two other bacteria in which yqgF-like homologues have been studied, H. pylori (HP_0334) and M. tuberculosis (RVBD_0038), no adjacent yqgE-yqgF pairs are observed. The yqgEF pairing is absent in all members of the 91 taxa of the delta-epsilon subdivisions, in which H. pylori is classified. Similarly, this pairing does not occur in any members of the 181 taxa of the Actinobacteria class, in which M. tuberculosis belongs (Fig. 5) .
We failed to identify a yqgE counterpart in H. pylori. In M. tuberculosis, a yqgE homologue was identified, but not in the vicinity of the yqgF-like gene. YqgE-like protein sequences were aligned (Fig. S1c) . These genetic arrangements and protein sequences reveal greater similarity in YqgE and YqgF of A. baylyi and E. coli than for any other pairwise comparison of homologues of these four bacteria (Fig. S1a , c, Tables S4 and S5). While the above H. pylori and M. tuberculosis genes are designated yqgF homologues in the literature (Humbert et al., 2011; Nautiyal et al., 2016) , searches for orthologues of yqgF from A. baylyi failed to identify any orthologue in H. pylori or M. tuberculosis when several computer programs were used, reflecting significant sequence difference among the yqgF homologues in different bacteria.
DISCUSSION
In the model bacterium E. coli, essential genes of unknown function remain an intriguing challenge to a full understanding of metabolism. Among such genes, yqgF has been studied through comparisons to ruvC, which encodes a canonical Holliday junction resolvase, by in vitro analysis of possible enzyme activities and via analysis of systems-level data sets (Aravind et al., 2000; Belland et al., 2003; Kumar et al., 2016; Kurata et al., 2015; Liu et al., 2002 Liu et al., , 2003 Phadtare & Inouye, 2004; Rocha et al., 2005; Yuan et al., 2012) . Temperature-sensitive and variant alleles are helping to clarify yqgF function (Iwamoto et al., 2012; Kurata et al., 2015) . Nevertheless, many powerful genetic approaches are hampered in E. coli by its inability to grow without yqgF. In this study, we establish a heterologous system with a genetically tractable bacterium as a valuable model to improve understanding of yqgF. Investigations of mutants with unmarked deletions of yqgF or ruvC, which are possible in A. baylyi but not E. coli, reveal an unexpected antagonism in the roles of these paralogs.
yqgF and ruvC have opposite effects on recombination-dependent phenotypes
The DruvC mutant of A. baylyi had a nearly 100-fold reduction in the frequency of allelic replacement following transformation (Fig. 1c) , a result consistent with RuvC-mediated Holliday junction resolution during homologous recombination. In contrast, the DyqgF mutant displayed a small (approximately twofold) but significant increase in TAR frequency. Thus, yqgF and ruvC are not interchangeable in A. baylyi. Nor are their roles identical in E. coli, where yqgF is essential but ruvC is not. Non-redundant functionality is further supported by the typical presence of both genes in the same organisms. In one analysis, yqgF and ruvC were found to co-occur in 64 % of sequenced bacterial genomes, with fewer than 3 % of genomes containing ruvC without yqgF (Rocha et al., 2005) .
The increased frequency of a process requiring homologous recombination caused by yqgF deletion (Fig. 1c) differs from observations of dprB. This yqgF homologue in H. pylori promotes DNA incorporation through homologous and homeologous recombination (Humbert et al., 2011; Zhang & Blaser, 2012) . In contrast, yqgF appears to suppress either the uptake or the incorporation of homologous DNA into the A. baylyi chromosome.
Effects of yqgF and ruvC on resistance to DNAdamaging agents
The deletion of yqgF or ruvC had opposite effects on the resistance to nalidixic acid ( Table 2 ). The inhibition of topoisomerases by nalidixic acid increases torsional stress on DNA and results in DSBs. Since DNA repair of this damage often involves Holliday junction resolution, mutations that decrease such activity should decrease resistance to nalidixic acid. As expected, ruvC deletion reduced the MIC for this drug compared to the wild-type value WT ∆yqgF
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Pre-16S Fig. 3 . 16S rRNA processing. Total RNA was isolated from the wild-type (WT, ADP1) and DyqgF mutant (ACN1763) strains and separated by agarose/Synergel electrophoresis. 23S, 16S and pre-16S rRNA are indicated.
( Table 2 ). In contrast, deletion of yqgF increased the MIC for nalidixic acid. The presence of yqgF makes A. baylyi more sensitive to this drug, perhaps via yqgF-dependent inhibition of the repair of DSBs.
Unlike the damage caused by nalidixic acid, UV radiation causes pyrimidine dimers that can be repaired by photoreactivation and/or nucleotide excision repair. At sublethal UV doses, DSBs and chromosomal fragmentation can occur, but survival depends primarily on non-recombinational repair mechanisms that should not require RuvC (Sinha & H€ ader, 2002) . In support of this model, the DruvC mutant responded to UV radiation indistinguishably from the wild type (Fig. 1d) . Unexpectedly the DyqgF mutant was more resistant to UV-mediated damage than the wild type, suggesting that the presence of yqgF reduces DNA damage repair in A. baylyi. If previous predictions are correct that YqgF acts as a Holliday junction resolvaset, then phenotypic differences between ruvC and yqgF mutants are difficult to explain.
Amino acids analogous to catalytic residues of RuvC are essential for YqgF function
To clarify the similarity and differences in RuvC and YqgF function, we used site-directed mutagenesis to alter amino acids involved in Holliday junction resolution. In E. coli RuvC, three acidic amino acids (D7, E66 and D141) stimulate DNA cleavage by coordination of a divalent cation (Saito et al., 1995) . Comparable residues in YqgF of E. coli were identified (Aravind et al., 2000; Liu et al., 2003) . The acidic residues in A. baylyi YqgF that most likely correspond to cation-binding residues of RuvC (D14, D100, E101 and D127) were each changed to alanine. All four alanine replacements abrogated YqgF function, as indicated by their equivalent colony size and TAR frequency to that of the DyqgF mutant (Fig. 2) . In additional mutants, each YqgF target residue was replaced by a different acidic amino acid (i.e. D replaced by E, and E replaced by D). In a fifth mutant, D100 was replaced with asparagine. All conservative replacements, except for those at D100, led to phenotypes resembling the DyqgF mutant (Fig. 2) . While protein production was not evaluated, alanine replacements typically minimize detrimental effects on protein folding (Morrison & Weiss, 2001) . Moreover, the observation that two replacements resulted in phenotypes at or slightly above wild-type levels indicates that mutated yqgF alleles introduced at this chromosomal locus can be properly expressed and functional. It appears that YqgF has specific requirements for D14, E101 Fig. 4 . Orthologous gene clusters. Adjacent and overlapping genes of unknown function, yqgE and yqgF, were detected in diverse bacterial genomes using a web-based program, Absynte (Despalins et al., 2011) . A small set of these genomic regions were aligned by Absynte and are displayed here to illustrate the frequent co-localization of these genes despite different surrounding neighbourhoods. The genes surrounding yqgE and yqgF are identified and described in greater detail in Table S3 . Fig. 5 . Conservation of co-localization of yqgE and yqgF. Significant associations of YqgE and YqgF proteins were predicted with computational analysis and the String database of protein-protein interactions (Szklarczyk et al., 2015) . A functional partnership between these proteins is predicted with a high-scoring confidence value based on conservation of the adjacent positions of the genes. In this image (modified from the computer program display), adjacent red and orange arrows indicate organisms in which both genes are adjacent. This pattern is observed in nearly all members of the gamma-and beta-proteobacteria. As shown in Fig. 4 , most of the adjacent yqgE and yqgF coding sequences overlap by 1-8 nucleotides. Organisms without arrows may possess yqgE and/or yqgF, but neither gene is shown if they are not co-localized.
Gene neighbourhood
and D127. However, at position 100, less stringent requirements permit the replacement of D with similar residues (E or N). Residues in YqgF that are analogous to the catalytic amino acids in RuvC are required for YqgF function despite the apparently different, and sometimes opposite, effects of these proteins in our experiments.
Possible functions of yqgF from E. coli and A. baylyi and differences to some other yqgF-like genes
The ability of YqgF to act as a Holliday junction resolvase in E. coli was questioned because the protein purified as a monomer rather than a dimer, the characteristic oligomeric form of resolvases (Liu et al., 2003; Nautiyal et al., 2016) . Holliday junction cleavage usually occurs symmetrically (Wyatt & West, 2014) . While the MtRuvX YqgF homologue in M. tuberculosis resolves Holliday junctions, this activity requires dimerization mediated by cysteine residues not conserved in other YqgF homologues such as that from E. coli (Nautiyal et al., 2016) .
Alternative functions have been proposed for yqgF. Studies of a temperature-sensitive yqgF allele in E. coli suggest a role in anti-termination at Rho-dependent terminators. However, this effect is not sufficient to explain why yqgF is essential (Iwamoto et al., 2012) . The anti-termination effect of yqgF ts could involve decreased processing of pre-16S rRNA observed in this strain (Kurata et al., 2015) .
Our data suggest that, in A. baylyi, YqgF inhibits genomic change by directly or indirectly suppressing homologous recombination and DNA repair. This role is reminiscent of 'antirepair' mediated by RecG, a helicase, in H. pylori (Kang & Blaser, 2008) . Like the A. baylyi DyqgF mutant, H. pylori recG mutants have increased resistance to topoisomerase inhibitors (Kang et al., 2004; Kang & Blaser, 2008) . A model proposes that, unlike in E. coli where RecG can help to resolve Holliday junctions, RecG in H. pylori provides a dead-end pathway that competes with RuvABC for these junctions, thereby inhibiting junction resolution (Kang & Blaser, 2008 ). It appears that proteins with opposing functions provide a delicate, but important, balance between recombination/repair mechanisms and preservation of genetic integrity.
Since yqgF E. coli restored wild-type phenotypes in an A. baylyi strain lacking its native gene, yqgF orthologues from both gamma-proteobacteria appear to function similarly (Fig. 2, Table 2 ). This conclusion is further supported by nearly identical phenotypes with regard to rRNA processing in A. baylyi and E. coli mutants carrying, respectively, a deletion or temperature-sensitive allele of yqgF (Fig. 3) (Kurata et al., 2015) . However, where our DyqgF A. baylyi mutant had increased nalidixic acid resistance (Table 2) , a hypomorph yqgF allele in E. coli decreases such resistance (Kumar et al., 2016) . Nevertheless, these data are difficult to interpret as the nature of the hypomorph allele in E. coli is undefined.
Our results differ in nearly all respects from studies of dprB in H. pylori (Humbert et al., 2011; Zhang & Blaser, 2012) . In contrast to the A. baylyi DyqgF mutant (Fig. 1c) , DdprB H. pylori exhibits decreased transformation frequency (Humbert et al., 2011; Zhang & Blaser, 2012 ). Where we found DyqgF increasing resistance to DNA damage from UV radiation or a topoisomerase inhibitor (Table 2 , Fig. 1d) , DdprB H. pylori either decreases survival or has no response to these agents (Humbert et al., 2011; Zhang & Blaser, 2012) . In Deinococcus gobiensis, yqgF may also differ from that in A. baylyi, since its increased expression in response to UV radiation suggests a role in fostering UV resistance (Yuan et al., 2012) .
Differences among members of the large yqgF family
Attempts to discern the function of yqgF E. coli from studies in H. pylori and M. tuberculosis are complicated by notable distance in phylogenetic relationships of the bacteria, differences in the yqgF sequences and diversity in genomic context. The level of sequence identity/similarity between YqgF of E. coli and its A. baylyi counterpart is much higher than that of DprB or MtRuvX (Fig. S1a, Table S4 ). Nevertheless, these four homologues are grouped in the same YqgF/RuvX cluster in an analysis of the RNase H-like superfamily (Majorek et al., 2014) . However, if cluster analyses are performed more stringently, then DprB separates into a distinct subcluster from that containing YqgF of E. coli and A. baylyi (Majorek & Bujniki, personal communication) .
DprB may belong to a YqgF family subclass that functions differently from YqgF E. coli . Unlike the yqgF genes in Fig. 4 , dprB is adjacent to dprA, a gene involved in H. pylori transformation. Sequences with adjacent dprA and dprB genes cluster in a distinct phylogenetic clade (Zhang & Blaser, 2012) . This genetic arrangement may reflect that these genes promote natural transformation and recombination.
Possibility of a partnership between yqgE and ygqF in some bacteria
The yqgF genes of A. baylyi and E. coli are adjacent, and overlapping, to a gene of unknown function, yqgE (Fig. 4) . This arrangement, nearly universal in the gamma-and beta-proteobacteria, may be indicative of a significant interaction between protein partners (Fig. 5) (Szklarczyk et al., 2015) . While the likely co-transcription and translational coupling of these genes in Salmonella enterica and E. coli was reported (Hidalgo et al., 2004) , the possible functions of yqgE and yqgF have, to date, been investigated independently.
In pseudomonads, bacteria with adjacent yqgEF genes (Fig. 5) , yqgE is designated algH because this gene affects alginate production (Schlictman et al., 1995) . Some models propose that AlgH is a global virulence regulator, and YqgE-like proteins have been characterized structurally (Urbauer et al., 2015) . However, direct evidence for YqgE function is lacking. In E. coli, yqgE, which is not essential, was reported to be part of a genetic network involved in DNA repair (Al Mamun et al., 2012) . A single promoter, controlled by s
32
, is predicted to control transcription of a yqgEF operon (Keseler et al., 2013) . In bacteria with paired yqgEF genetic regions, mutations in one of these genes may affect the transcription, translation and/or function of its adjacent partner. These possibilities should be taken into consideration when designing and interpreting studies of yqgE and yqgF homologues.
Broader implications
YqgF studies also have implications for important but poorly understood protein families that possess domains similar to the entirety of the YqgF protein (Table S1 ). Tex proteins are conserved YqgF domain-containing nucleic acid-binding proteins that affect fitness and virulence in some bacterial pathogens (Abe et al., 2010; Fuchs et al., 1996; He et al., 2006; Potvin et al., 2003) . The essential eukaryotic protein Spt6 contains a Tex-like core (Close et al., 2011; Ponting, 2002) . Spt6 is involved in transcription elongation and nucleosome reassembly, but the role of the YqgF domain remains unknown (Close et al., 2011) .
Our studies establish A. baylyi as an ideal heterologous model system in which to study yqgF. The significant consequences of yqgE and yqgF for DNA repair and recombination, and for bacterial pathogenesis/virulence, highlight the importance of additional studies to clarify how YqgF and YqgE function alone and in relationship to each other.
